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ScienceDirectTransmembrane helix–helix interactions mediate the folding
and assembly of membrane proteins. Recognition motifs range
from GxxxG and leucine zippers to polar side chains and salt
bridges. Some canonical membrane proteins contain local
charge clusters that are important for folding and function, and
which have to be compatible with a stable insertion into the
bilayer via the translocon. Recently, the electrostatic ‘‘charge
zipper’’ has been described as another kind of assembly motif.
The protein sequences exhibit a quasi-symmetrical pattern of
complementary charges that can form extended ladders of salt
bridges. Such segments can insert reversibly into membranes,
or even translocate across them. Nature uses charge zippers in
transport processes, and they can also be adapted in the
design of cell-penetrating carriers.
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Introduction
Transmembrane (TM) segments do not just serve as
passive building blocks to anchor proteins to the lipid
bilayer, but they often play important roles that require a
particular helix alignment and packing [1,2,3]. Besides
the general effects of hydrophobic mismatch [4–6],
specific charge interactions can dictate the helix rotation
angles and insertion depths [7]. Covariance analysis has
successfully predicted membrane protein structures from
their genomic sequences [8], yet it is still challenging to
address their folding and assembly experimentally [9]. In
addition to crystallography and genetic assays, solid-state
NMR spectroscopy is a powerful tool to study protein
structure in genuine lipid bilayers [10]. A recent compi-
lation in Methods Mol. Biol. has been devoted to the topic
of membrane protein folding, association and designwww.sciencedirect.com [11], as well as a special issue of Biochim. Biophys. Acta
[12] (and references therein).
Membrane proteins are usually inserted via the Sec
translocase, which releases the preformed TM helices
laterally from the translocation pore, possibly even as
hairpins [13,14]. They can tolerate only few polar residues
when embedded in the hydrophobic lipid environment
[15], as reflected by the low abundance of acidic and basic
residues [16]. Single ionizable side chains tend to be
either uncharged, or are located sufficiently close to
the bilayer surface to allow ‘‘snorkeling’’ [15,17] (see
Figure 1a). Complementary charges will pair up either
as solitary intra-helical or inter-helical salt bridges [15,18]
(see Figure 1b,c), or they can form local clusters connect-
ing neighboring segments [19]. Recently, it has been
shown that even highly charged amphiphilic helices are
able to span the lipid bilayer when connected by ladders
of salt bridges [20,21] (see Figure 1d–f). These ‘‘charge
zippers’’ represent a new motif in the folding and assem-
bly of certain membrane proteins that are involved in
transport processes. The same principle of charge com-
pensation can also be invoked to ask how cell-penetrating
carriers may deliver hydrophilic cargo into the cytosol
[22].
Brief overview of helix assembly motifs
A classical dimerization motif is the GxxxG sequence,
which permits tight packing and inter-helical H-bonds of
the backbone, as exemplified by glycophorin A [3]. Sim-
ilarly, the left-handed leucine zipper is based on a ‘‘knobs
into holes’’ arrangement of complementary side chains, as
described for several tyrosine kinase receptors [23–26].
Leu zippers, however, may appear coincidentally due to
the high propensity for Leu, Ile and Val in TM helices,
and many GxxxG-like motifs are not sufficient to drive
dimerization either [1,27,28]. Polar interactions, on the
other hand, seem to be more specific. For example, the
papillomavirus protein E5 dimerizes via direct helix–
helix interactions without an explicit leucine zipper, a
GxxxG motif, or any need for its two native disulfide
bridges [29,30]. Yet, this short oncoprotein interacts with
and activates the PDGFb receptor by forming specific H-
bonds between Gln on E5 and Thr on the receptor TM
segment, plus a salt bridge in the juxtamembrane region
[31].
Local salt bridges in TM proteins
The transfer of a polar amino acid into a hydrophobic
environment is energetically unfavorable [32]. For
charged side chains these costs are even higher, but
can be partially compensated by the formation of saltCurrent Opinion in Structural Biology 2014, 27:63–68
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Ionizable residues in the membrane. (a) A single ionizable side chain is embedded either uncharged in the membrane or sufficiently close to the surface
to allow ‘‘snorkeling’’. (b) Complementary charges on the same helix can pair up to form an intramolecular salt bridge. (c) Two TM helices can be
connected by an intermolecular salt bridge. (d) Formation of a charge zipper between two highly charged amphiphilic helices (including a pair of polar
residues, as in TisB). (e) Formation of a helical hairpin based on a charge zipper (as proposed for ERNS). (f) Formation of a charge zipper between a
helical segment and a b-strand (as in TatA).bridges [33,34]. These are particularly strong in the low
dielectric environment of a membrane and can thus drive
highly specific interactions between helical segments.
Complementary pairwise contacts (D-R, D-K, E-R, E-
K) have much higher propensities in the TM regions than
expected from random sampling [35]. More recently,
sequences containing an ionizable residue together with
a GxxxG motif have been reported to be statistically
overrepresented [36]. A ToxR activity assay, which allows
the identification of TM-TM helix interactions based on
dimerization and activation of ToxR, was used to demon-
strate the importance of these specific long-range charge-
charge interactions, suggesting that GxxxG may be respon-
sible for the detailed helix–helix alignment [36].
The role of interhelical salt bridges and charge clusters in
protein–protein assembly has been prominently demon-
strated for the T-cell receptor (TCR) [37]. This multi-
component complex is made up of eight single-spanning
TM subunits with unique ionizable residues in each
helix. The TCRab heterodimer carries three basic resi-
dues, each of which can interact with two acidic partners
in the dimeric segments of the clusters of differentiation:
CD3de, CD3ge, and zz. There is no formal 1:1 chargeCurrent Opinion in Structural Biology 2014, 27:63–68 compensation in these 1:2 clusters, which involve many
H-bonds. The same kind of connecting principle be-
tween distinct TM subunits has also been proposed for
several other immune receptors [19,38].
In many membrane proteins, salt bridges are not only
structurally responsible for helix–helix contacts but also
critical for functional transitions. A classical example is
the voltage-sensing domain of various ion channels [39–
41]. The highly basic S4 helix moves in response to a
change in membrane potential and establishes a new
pattern of salt bridges with a group of acidic residues
on the neighboring TM segments. Another well-known
system is the lactose permease, where several salt bridges
are involved in proton symport and in the conformational
transition of the binding pocket [42]. Also in the human
dipeptide transporter hPepT1, the protonation and dis-
assembly of a salt bridge during proton transport have
been suggested to cause a conformational change that
opens the pore [18]. Another functionally important
charge pair has been reported in the human thyroid
hormone transporter MCT8, whose malfunction can
evoke psychomotor retardation called the Allan–Hern-
don–Dudley Syndrome [43,44].www.sciencedirect.com
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Most of the proteins discussed so far contain only one or a
few salt bridges to connect the TM helices. This situation
is rather distinct from the recent concept of electrostatic
‘‘charge zippers’’, in which extended ladders of salt
bridges along TM segments have been postulated to
span the membrane [20]. We first noted this structural
principle in the stress-response protein TisB protein
from E. coli, an amphiphilic helix of only 29 amino acids
[21]. Ionizable side chains together with a central H-
bonding residue (D5-K12-Q19-D22-K26-K29) form a
narrow polar strip along one face of the helix. Oriented
circular dichroism spectroscopy showed the helix to be
inserted in lipid bilayers in an upright transmembrane
alignment, hence it could not be monomeric. Molecular
dynamics (MD) simulations and dye leakage exper-
iments in vesicles demonstrated that TisB does not form
oligomeric pores, so it cannot be compared to typical
antimicrobial peptides either [45,46]. Instead, a Hill
coefficient of 2 was indicative of dimerization, so we
postulated that TisB must form an antiparallel dimer
connected by four salt bridges and an H-bond [21]. This
arrangement, illustrated in Figure 1d, has meanwhile
been confirmed by further experiments and simulations
[unpublished data]. The mechanism of TisB action can
be explained by selective transport of protons (or OH)
across the hydrophobic bilayer along the polar dimer
interface of TisB, which effectively uncouples the trans-
membrane potential. The resulting depletion of ATP
levels leads to the formation of persister cells and survival
of these bacteria [47].
Direct evidence for a charge zipper was demonstrated in
the Twin arginine translocase, which can transport folded
proteins across membranes. The pore-forming TatA sub-
unit oligomerizes to accommodate cargo of variable size.
It consists of a TM helix, an amphiphilic helix (APH) and
a densely charged C-terminal region (DCR) [48]. As
illustrated in Figure 2a, all charged residues on the
APH are complementary to those along the DCR, allowing
the formation of 2 intramolecular and 5 intermolecular salt
bridges [20]. The folding and self-assembly of TatA were
thus suggested to involve a hairpin structure between the
a-helical APH and the extended b-stranded DCR
(Figure 2b). Charge reversal and retrieval mutants were
generated to prove the salt bridges by demonstrating the
disassembly and recovery of TatA oligomers. In its pre-
assembled state, the charge zipped region of TatA forms an
amphiphilic palisade that is lying on the cytosolic mem-
brane surface, and which has the right length to reversibly
flip into and reach across the membrane to open up a pore
(Figure 2d). A model of such translocation pore was gener-
ated from 12 TatA monomers, using structure-based simu-
lations with the salt bridges as constraints (Figure 2c).
Besides TisB and TatA, we identified a putative charge
zipper motif in the antimicrobial protein dermcidinwww.sciencedirect.com from human sweat. This amphiphilic helix binds to
the surface of membranes and can oligomerize to form
transmembrane pores [49]. With 48 amino acids it
seems much too long to span the bilayer, so it was
suggested that the predominantly cationic N-terminus
may assemble with the complementary C-terminus via
7 salt bridges to form a helical hairpin [20]. This idea
is schematically illustrated in Figure 1e, but inter-
helical contacts are not displayed that would be
required to form an oligomeric pore. More recently,
however, a crystal structure of dermcidin revealed a
different mode of assembly, where Zn2+ ions connect
three antiparallel dimers [50]. All charged residues
point inside the hexameric bundle, and a hollow cavity
with eyelets was identified for possible ion conduction.
When placed into a lipid bilayer in MD simulations, the
long assembly inserted with a very shallow angle. There
is no experimental evidence for this arrangement, but it
seems that our charge zipper model, which was based
purely on sequence analysis and steric considerations, is
not supported in this case.
Another system with a putative charge zipper is the ERNS
protein from bovine pestivirus. This protein is anchored
to the membrane surface of the host cell by a C-terminal
amphiphilic helix, which also acts as a retention signal for
the secretion of the RNAse virulence factor [51–53].
ERNS is expressed as a precursor polyprotein that has
to be cut by a signalase that can only recognize TM
segments, yet there is none present near the cleavage
site. However, the surface-bound C-terminal amphiphi-
lic helix possesses a prominent charge zipper motif,
which could form a helical hairpin connected by eight
salt bridges (as schematically illustrated in Figure 1e). It
may thus conceivably insert in the bilayer to adopt a
transient transmembrane alignment and allow cleavage
by the signalase [20]. The quasi-symmetrical pattern of
complementary charges is well conserved in ERNS
proteins from different species; hence these residues
are probably functionally relevant.
It is likely that there exist many further systems where
charge zippers play important structural and functional
roles. They can, in principle, be readily identified from
the order of charged amino acids along the protein
sequence in regions that are predicted to form amphi-
philic helices. However, it may be difficult to assess
whether such motif has a plausible structural meaning
or rather appears due to statistics. Also, charge zippers
might not be abundant or even present in TM helices of
canonical membrane proteins, because a high charge
density would prevent their stable insertion into the
bilayer via the Sec translocon. Rather, it can be expected
that charge zippers will be found in proteins that insert
reversibly and/or transiently into membranes, as in the
present examples of H+ (or OH) conduction via TisB
and the pore-opening mechanism of TatA. We supposeCurrent Opinion in Structural Biology 2014, 27:63–68
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Figure 2
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Charge zipper in the pore-forming protein TatA [20]. (a) Charge complementarity in the TatA sequence. (b) Scheme of the postulated charge zipper
between the APH and DCR. (c) Structure-based model of a dodecameric TatA pore. (d) Self-assembly and pore formation of TatA based on charge
zippers.that this concept of complementary charges in a hydro-
phobic environment is well suited for the design of
membrane-active peptides with membrane-targeting or
cell-penetrating functions [54].
Design of self-assembling segments via
charge-pairing
The concept of complementing charges has been used to
design antagonists against natural antimicrobial peptides
(AMPs), though in a different sense. These acidic amphi-
philic peptides (anti-AMPs) interact with basic amphi-
philic AMPs, to produce inactive coiled-coils that cannot
destroy the bacterial cell membrane any more [55].
Similarly, activatable cell-penetrating peptides (ACPPs)
consist of a poly-cationic CPP that is attached via a
cleavable linker to a polyanionic peptide, which masks
its charge and inhibits binding to cells [56,57]. Specific
proteases in the (diseased) tissue are required to release
the inhibitory poly-anion and allow membrane transloca-
tion of the activated CPP. In both scenarios, the activity ofCurrent Opinion in Structural Biology 2014, 27:63–68 the natural AMP or the built-in CPP relies on its cationic
nature, which induces membrane damage or triggers
endocytosis, respectively. In contrast, the use of charge
zippers for targeting membranes would explore the
charge-neutrality of the amphiphilic segments to enter
the lipid bilayer. The initial need for membrane binding
could be met by providing a slight excess of cationic
charge, as is the case in TisB. For example, anionic siRNA
can be delivered into cells by cationic proteins (or more
generally by cationic lipids), resulting in a complex that
masks the RNA charge and allows membrane passage
[22]. On may thus conceive novel amphiphilic CPPs with
suitable charge zippers, for example, like ERNS, that can
fold into a helical hairpin as in Figure 1e. They might be
applicable as a fusion tag for the translocation of large
proteins such as antibodies to reach cytosolic targets.
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